Reactive oxygen species (ROS) generated during ischemia/reperfusion enhance myocardial injury, but brief periods of myocardial ischemia followed by reperfusion (ischemic preconditioning, IP) induce cardioprotection. Ischemia is reported to stimulate glucose uptake through the translocation of Glut-4 from the intracellular vesicles to sarcolemma. In the present study we demonstrated involvement of ROS in In conclusion, our study demonstrated a novel redox mechanism in IP induced eNOS and Glut-4 translocation and the role of caveolar paradox in making the heart euglycemic during the process of ischemia leading to myocardial protection in a clinically relevant rat ischemic model.
Introduction
Reactive oxygen species (ROS) triggered during ischemia enhances myocardial ischemia-reperfusion (I/R) injury. Although ROS at high concentrations are detrimental, evidence shows that at low concentrations they initiate protective cell signaling. ROS also play a crucial role in cardioprotection (2) . Both in vitro and in vivo studies indicate that adaptive response in vascular tissue is triggered by ROS signaling in a highly coordinated manner (28). It appears that the massive amount of ROS produced during ischemia and reperfusion in the vascular tissue, especially in heart, causes significant injury to the cardiomyocyte and endothelial cells. However, during ischemic preconditioning, the same ROS potentiate a repair process and trigger a signal transduction cascade leading to cardioprotection. ROS appear to pave the way of repairing the vascular tissues, which have been damaged during ischemia and reperfusion (29). ROS triggered from brief I/R have been recognized to initiate preconditioning (2) that elicit a biphasic myocardial protection during early phase which lasts for 2-3h, whereas a late phase of protection occurs that lasts for 24-72h (23, 27) . Studies have also demonstrated that antioxidants abolish the induction of preconditioning (42, 33). Moreover it is known that insulin induced ROS play an important role in insulin signaling pathway and supported by one of the reports that insulin stimulated H 2 0 2 generation is involved in regulation of downstream insulin signaling by activation of PI-3 Kinase, Akt and ultimately glucose transport. It is well proven that insulin stimulated glucose uptake in muscle and adipose tissues is the result of translocation of insulin regulated transporter Glut-4 to the plasma membrane from the intracellular vesicles. Investigations over the decade have also shown that IP mediated nitric oxide and oxygen free radicals lead to the activation of multiple signaling pathways resulting in attenuation of myocardial injury (4, 16) . Tong et al demonstrated IP induced cardioprotection by activating survival PI3K-Akt cascade followed by eNOS activation and expression which is the downstream target of Akt (43). Previous studies have shown that both inducible NOS and endothelial NOS are activated that lead to nitric oxide production which plays a crucial role in myocardial preconditioning (3, 14) . Moreover dominant negative Akt cells prevent insulin induced Glut-4 translocation (8). It has also been shown that IP upregulates glucose transporter (Glut-4) expression by activation of AMPK in PKC dependent manner (32). Reports have shown that insulin response results in an initial rapid translocation of Glut-4 to the plasma membrane and a slower transition of Glut-4 to the plasma membrane fraction enriched in caveolae (13). Caveolae are small membrane invaginations on the surface of cells that participate in membrane trafficking, sorting, transport and signal transduction. They are enriched in sphingolipids and cholesterol and form lipid raft with caveolins. Caveolin-1, 2 & 3 are believed to play a role in the formation of caveolae membranes, acting as scaffolding proteins organizing and concentrating caveolin interacting proteins and lipids in caveolae microdomains (1, 25 ). Caveloin-3 or M-caveolin is expressed in the muscle where as caveolin-1 is expressed in the endothelial cells (11, 36). Caveolae and caveolins have the ability to tightly regulate the function of proteins such as eNOS/Glut-4 whereas in a basal state the activity is inhibited but in a stimulated state the activity can be enhanced by virtue of enrichment and compartmentation which is also known as caveolar paradox (10).
Though IP mediated Glut-4 translocation to the membrane is known, its association with caveolar domains is not known. A major question in this field is how does this IP mediated ROS signaling pathways involve in trafficking steps to orchestrate the translocation of eNOS and Glut-4 to the caveolae. Accordingly, our study aims to 7 LAD occlusion (IP) followed by reperfusion (IPN). All experiments were carried out using n=6 animals in each group. Surgical Procedure: After rat was anesthetized and mechanically ventilated, heart was exposed via a left lateral thoracotomy as described by Kaga et al (17). Cefazolin (25 mg/kg i.p.) was administered as preoperative antibiotic cover. A 6-0 polypropylene suture was passed under the LAD at the level of the left atrial appendage. A 10-mm section of polyethylene tube was placed on top of the LAD to secure the occlusion without damaging the artery. Both ends of the suture were passed through a segment of flared PE160 tubing to form a snare. IP was induced by carrying out a short duration of temporary regional ischemia (4 min) by pulling the snare and clamping tube with a hemostat, followed by a period of reperfusion (4 min) repeated four times (4 × PC). Myocardial ischemia was produced by temporarily occluding the LAD for 30 min followed by 3 hrs, 24hrs and 48 hrs of reperfusion. In the IR group, the rats underwent temporary occlusion of LAD for 30 min after opening the chest for 32 min without the IP procedure. The rats in the sham group underwent the same procedure except for the LAD occlusion. Myocardial ischemia was confirmed visually in situ by regional cyanosis, ST elevation and depression, or T wave inversion on the electrocardiogram, and hypokinetic or dyskinetic movement of the myocardium.
Reperfusion was readily confirmed by hyperemia over the surface of the previously ischemic-cyanotic segment. After completion of all surgical protocols, the chest wall was closed in layers, as described by Kaga et al (17). After surgery analgesic buprenorphine (0.1 mg/kg s.c.) was given and the rats were weaned from the respirator, and were placed on a heating pad while recovering from anesthesia.
Surgical procedure for all groups was carried out under similar experimental condition. Sham group was also treated with buprenorphine. Isolation of Caveolin-rich Preparation: Tissue homogenizing buffer was prepared with 25mM of Tris, pH 7.4, 250mM sucrose, 2mM EDTA, 150mM NaCl, 1%Triton X-100 and protease inhibitor cocktail according to the modified protocol of Liu et al (26). 5%, 30% and 80% sucrose solution was made in TNE (Tris, NaCl and EGTA).
Heart tissue (95-100mg, left ventricle) was homogenized in 2ml of buffer by using Polytron homogenizer. The lysate was passed through a 23g needle and the lysate was sonicated. Following sonication 2ml of 80% sucrose was added and mixed to make the sucrose concentration to 40% (1:1 dilution). On the top of this 4ml of 30% sucrose was added followed by 4ml of 5% sucrose solution. Thus the total volume will be made to 12ml. The tubes containing sucrose gradient will be centrifuged at 33,000g for 17 h. Following centrifugation the gradient was separated into 12 fractions of 1ml each. Equal amount of tissue (100mg) was used for all the groups and the protein was estimated following caveolar fractions isolation. Equal amount of protein was loaded for all the groups to perform Western blot analysis.
Immunoprecipitation for caveolin-1 / eNOS and caveolin-3 / Glut-4 association
Caveolin-rich fractions (fractions 4-6) were used for immunoprecipitation. 
Immunohistochemistry of Caveolin-3 and Glut-4
Paraffin embedded tissue sections of 4Lm thick were used for immunohistochemical analysis of Cav-3 and Glut-4. The sections were deparaffinized using histoclear solution and hydrated using 100% ethanol, 90% ethanol, 80% ethanol and 70% ethanol followed by Phosphate Buffered Saline (PBS) wash. Each step was carried out for 5min. Slides were placed in boiling antigen retrieval buffer for 15 min and was then allowed to cool at room temperature for 20 min. Again, the slides were rinsed in PBS. The sections were rinsed in 0.5% BSA and 0.4% triton-X 100 in PBS for 20 min. The slides were blocked in 10% normal donkey serum in 1%BSA + 0.4% triton-X 100 in PBS for 2h. Following blocking the sections were incubated overnight with primary antibody for Cav-3 (Catalog 610421, BD Pharmingen, San Diego, CA 92121) and Glut-4 (catalog AB1049, Chemicon International, Temecula, CA) diluted with 1% BSA and 0.4% triton-X 100 in PBS overnight at room temperature. Both primary antibodies were diluted at 1:100 ratios. After overnight incubation the sections were washed in PBS. The sections were rinsed in 0.5% BSA and 0.4% triton-X 100 in PBS for 20 min. The sections were incubated with FITC conjugated donkey anti-mouse IgG (for Cav-3) and Rhodamine TRITC conjugated rabbit anti-goat IgG (for Glut-4) (both were purchased from Jackson Immunoresearch Lab, 872 West Baltimore Pike, West Grove, PA, USA).The secondary antibodies were diluted in 1% BSA and 0.4% triton-X 100 in PBS. The sections were incubated in secondary for 2 hours. After incubation the sections were rinsed in PBS and mounted with citifluor mounting medium (Vector Laboratories Inc, Burlingame, CA 94010). The sections were observed and pictures were taken using Confocal 410 microscope.
Statistical analysis
Results are expressed as mean ± standard deviation of the mean (±SD). Differences between groups were tested for statistical significance by one-way analysis of variance (ANOVA) followed by Bonferoni's correction, to test for any differences between the mean values of all groups. NAC alone demonstrated no effect either on cav-1 or on cav-3 as compared to Sham group.
Results

Effect
Effect of IP on eNOS phosphorylation (p-eNOS):
IP demonstrated increased phosphorylation of eNOS when compared to other groups ( Figure-4A, B) . Increased phosphorylation of eNOS in IP might be due to decreased expression of caveolin-1 and thus dissociation of cav-1/eNOS interaction. The phosphorylated antibody used was serine-1177. As expected phosphorylation of eNOS was found to be decreased following 3 hr of reperfusion in IR when compared to IP group. However, IP mediated phosphorylation of eNOS was found to be abolished by NAC in IPN group. NAC alone has no effect on the phosphorylation of eNOS as shown in Fig 4B qualitatively and quantitatively by measuring the ratio of p-eNOS/total eNOS as shown in Fig 4A. eNOS was used as the loading control. 
Discussion
In the present study we report IP mediated eNOS and Glut-4 translocation and association to the membrane caveolar rich fractions. The principal results of this work include increased expression of caveolin-3, Glut-4, p-eNOS, p-Akt, decreased caveolin-1/eNOS and increased cav-3 / Glut-4 interaction following ischemic preconditioning. We have observed increased translocation of Glut-4 to the membrane fraction and its localization with caveolin-3. Increased Glut-4 and caveolin-3 mRNA expression was observed following 3h of reperfusion in the IP group. Whereas increased expression of Glut-4, caveolin-3, p-Akt, p-eNOS were observed following 24h & 48h of reperfusion. Though significant difference was not observed in caveolin-1 mRNA expression following IP however decreased protein expression was observed following 24h and 48h of reperfusion. Moreover it is known that antioxidants abolish the IP mediated cardioprotection; and as expected, we have observed reversal of the expression pattern both in mRNA and protein levels in the presence of NAC. From the results observed we hypothesize that IP mediated Glut-4 translocation might be nitric oxide / ROS mediated and regulated by caveolar paradox. We also hypothesize that Akt might play an important role in Glut-4 trafficking in response to ischemic preconditioning. However, somehow it is extremely convincing from our data that ROS play a major role in the whole process of phosphorylation and activation of Akt and eNOS including Glut-4 translocation during IP compared to IR.
Previous reports have shown the role of nitric oxide in AMPK mediated glucose uptake and Glut-4 translocation in the heart (24). Both exercise and insulin mediated glucose uptake was found to be stimulated by nitric oxide (18, 19, 37). Li et al has observed that relatively low concentration of nitric oxide donors increased glucose uptake and stimulated Glut-4 translocation in isolated heart papillary muscles (24).
Reports suggest that caveolae might involve in insulin stimulated exocytosis of the Glut-4 vesicles to the plasma membrane (40). Moreover it is also shown that two domains of caveolin-1 interact with eNOS and specifically when eNOS interacts with caveolin, it is in inactive form and calmodulin acts as a direct allosteric competitor to promote the Ca 2+ -dependent activation of eNOS (30, 31). Considering these reports we thought that caveolin-1 / eNOS interaction and impact of IP on the status of caveolin and eNOS would be a major breakthrough in understanding the role of nitric oxide in Glut-4 translocation as it is shown that IP mediated cardioprotection is by activation of eNOS. Bolli et al has shown that late preconditioning against myocardial stunning in rabbits is by generation of nitric oxide (3) and eNOS have been found to be activated in the preconditioning heart (3,14). The observed decrease in expression of caveolin-1 expression and increased phosphorylated eNOS expression in IP myocardium as compared to other groups supported the notion that IP mediated Glut-4 translocation might be nitric oxide mediated. This result was supported by the previous studies that unavailability of eNOS during I/R may be due to association of caveolin-1 / eNOS (7).
The insulin induced translocation of Glut-4 to the surface involve different signaling pathways like phosphorylation of insulin receptor substrate-1, activation of Glucose Transport Figure 14 
